† Background and Aims Alpha-gliadin proteins are important for the industrial quality of bread wheat flour, but they also contain many epitopes that can trigger celiac (coeliac) disease (CD). The B-genome-encoded a-gliadin genes, however, contain very few epitopes. Controlling a-gliadin gene expression in wheat requires knowledge on the processes of expression and deposition of a-gliadin protein during wheat grain development. † Methods A 592-bp fragment of the promotor of a B-genome-encoded a-gliadin gene driving the expression of a GUS reporter gene was transformed into wheat. A large number of transgenic lines were used for data collection. GUS staining was used to determine GUS expression during wheat kernel development, and immunogold labelling and tissue printing followed by staining with an a-gliadin-specific antibody was used to detect a-gliadin protein deposited in developing wheat kernels. The promoter sequence was screened for regulatory motifs and compared to other available a-gliadin promoter sequences. † Key Results GUS expression was detected primarily in the cells of the starchy endosperm, notably in the subaleurone layer but also in the aleurone layer. The a-gliadin promoter was active from 11 days after anthesis (DAA) until maturity, with an expression similar to that of a 326-bp low molecular weight (LMW) subunit gene promoter reported previously. An a-gliadin-specific antibody detected a-gliadin protein in protein bodies in the starchy endosperm and in the subaleurone layer but, in contrast to the promoter activity, no a-gliadin was detected in the aleurone cell layer. Sequence comparison showed differences in regulatory elements between the promoters of a-gliadin genes originating from different genomes (A and B) of bread wheat both in the region used here and upstream. † Conclusions The results suggest that additional regulator elements upstream of the promoter region used may specifically repress expression in the aleurone cell layer. Observed differences in expression regulator motifs between the a-gliadin genes on the different genomes (A and B) of bread wheat leads to a better understanding how a-gliadin expression can be controlled.
INTRODUCTION
Wheat is an important staple food over much of the world, being consumed after processing into a range of food products including breads, noodles and pasta. These processing properties depend primarily on the gluten proteins, which account for about 80 % of the total proteins in white flour.
Much of the research on wheat is focused on understanding and improving its properties in bread making, including understanding the relative contributions of genetic and environmental factors to variation in these properties (Dupont et al., 2006) . Controlling the expression of specific gliadins is also relevant from the perspective of celiac (coeliac) disease (CD). About 0 . 5 to 1 % of the human population in Western Europe is affected (Koning et al., 2005) . The a-gliadins of gluten appear to be the most active group of wheat proteins in triggering CD (Arentz-Hansen et al., 2000 Vader et al., 2002 Vader et al., , 2003 Molberg et al., 2003) . These proteins are encoded by Gli-2 loci of bread wheat, with estimates of the numbers of individual a-gliadin genes ranging from 25-35 copies (Harberd et al., 1985) to 150 copies (Anderson et al., 1997) per haploid genome. A considerable amount of data on the sequences of epitopes that are recognized by T-cells of CD patients (CD toxic epitopes) and their distributions within the a-gliadin family of proteins is available (Van Herpen et al., 2006) . This shows that they are non-randomly distributed between the sequences encoded by the different genomes: four different epitopes have been found among the D-genome-encoded a-gliadins, two of these were also in A-genome-encoded genes, but hardly any in the B-genome-encoded genes.
Modern biotechnology offers opportunities to remove the proteins containing the most toxic epitopes or even the epitopes themselves, using transgenesis or in vivo mutagenesis. However, such modifications may also lead to altered technological properties, as the gluten proteins are the major determinants of the functional properties. For example, wheat has been genetically engineered to add additional * For correspondence. E-mail luud.gilissen@wur.nl genes encoding high molecular weight (HMW) glutenin subunits using their own endosperm-specific promoters (Altpeter et al., 1996; Blechl and Anderson, 1996; Barro et al., 1997) , leading to both positive and negative effects on the properties of the dough for mixing and bread making (Popineau et al., 2001) . Becker et al. (2006) demonstrated that inhibition of the expression of the complete a-gliadin family can be achieved by using RNA interference. This drastic modification resulted in little effect on dough resistance and extensibility but in an increase in dough strength and a small decrease in loaf volume . A less drastic approach would be to reduce the expression of only A-and D-genome-encoded a-gliadin genes, which contain most of the known CD toxic epitopes (Van Herpen et al., 2006) , while retaining or enhancing the expression of a-gliadin genes from the B genome, which do not contain CD epitopes. However, to achieve this we require a more detailed understanding of the structure and regulation of expression of the a-gliadin gene promoters.
Previous studies revealed three important conserved cismotifs in endosperm-specific promoters from wheat, barley and rice, namely the GCN4-like motif, the prolamin box and the AACA/TA motif (Dong et al., 2007) . Additionally, the RY repeat is described to have a key role in seed-specific gene regulation of seed storage proteins (Fujiwara and Beachy, 1994) . The CGN4-like motif plays a central role in controlling endosperm-specific expression (Onodera et al., 2001) and is the target of basic leucine zipper transcription factor (bZIP) proteins that belong to the Opaque2 subfamily (Albani et al., 1997; Oñate et al., 1999; Wu et al., 2000) . Deletion and point mutation experiments have revealed that the prolamin box is important for the regulation of expression of endosperm-specific genes (Mena et al., 1998; Diaz et al., 2005) . The AACA motif was found to be conserved in the rice glutelin gene promoter and is involved in endosperm-specific expression (Takaiwa et al., 1996; Wu et al., 2000) . Stoger et al. (1999 Stoger et al. ( , 2001 ) studied an endosperm-specific low molecular weight (LMW) subunit gene promoter, showing specific expression in the outer subaleurone cells of the endosperm of transgenic bread wheat (Triticum aestivum). These cells are known to be rich in protein (Kent, 1966; Evers, 1970) . Lamacchia et al. (2001) similarly characterized an endosperm-specific HMW subunit gene promoter in transgenic durum wheat (Triticum durum), showing that expression was higher in the central, starchy endosperm cells with no expression in the aleurone cells. Reeves and Okita (1987) described a gene encoding an a-gliadin isolated from the bread wheat cultivar 'Yamhill' and identified a promoter region with various regulatory elements. Aryan et al. (1991) also showed that a segment of the a-gliadin gene promoter from -151 to -75 was required for optimum expression in a heterogeneous tobacco protoplast system. Six nuclear proteins from developing wheat kernels were found to interact with the first 165 bp upstream of the transcriptional start and this region was therefore suggested to have a role in the transcription of a-gliadin synthesis (Vellanoweth and Okita, 1993) . However, to our knowledge, expression of a functional gene under control of an a-gliadin promoter in wheat has not been reported previously.
To determine the pattern of a-gliadin expression in various tissues of wheat during kernel development, we studied the expression of a GUS (beta-glucuronidase) reporter gene under control of a 592-bp a-gliadin promoter fragment derived from the B genome in stably transformed bread wheat. Using immunogold labelling and tissue printing, the deposition of a-gliadin protein was determined in developing and mature wheat kernels, and the results were compared to the deposition of the HMW glutenin subunit in developing wheat kernels.
MATERIALS AND METHODS
Sequence similarity analysis of the a-gliadin sequence
The clone of Reeves and Okita (1987;  Triticum aestivum L. 'Yamhill', accession number M16496) contains the coding region of an a-gliadin gene including 1814 bp of 5 0 upstream sequence. The coding region was translated into an amino acid sequence and aligned from the N-terminus of the mature protein (omitting the first 17 amino acids comprising a signal peptide) to the last conserved cysteine residue (lengths ranging from 244 to 271 amino acids) with the same set of accessions of a-gliadin genes from the three genomes of hexaploid wheat and the diploid a-gliadin genes using Clustal X 1 . 81, as in Van Herpen et al. (2006) . A neighbour-joining tree was subsequently produced in TreeView 1 . 6 . 6.
Epitope screening of the a-gliadin sequence
The a-gliadin protein sequence was searched for known a-gliadin epitopes (Glia-a, Glia-a2, Glia-a9 or Glia-a20; Spaenij-Dekking et al., 2004) with only full identity matches being considered in the scoring (Van Herpen et al., 2006) . The antibody recognition motif, QPFPQPQL was then used for full identity matching, re-analysing the results from Van Herpen et al. (2006; DQ002569-DQ002599) and the available database sequences assigned to chromosomes 6A, 6B and 6D.
Regulatory motif screening of database a-gliadin promoter sequence
The known a-gliadin promoter sequences were extracted from the NCBI (http://www.ncbi.nlm.nih.gov) database. This gave 30 promoter sequences from putative a-gliadin genes. Nine of these promoter sequences formed part of pseudogenes and seven were not accompanied by an open reading frame, so that it was not possible to determine their genomic origin based on gliadin sequence homology. The 14 remaining promoter sequences were accompanied by full a-gliadin open reading frames (Table 1) and were assigned to chromosomes 6A, 6B or 6D as in Van Herpen et al. (2006) . A pattern search on the promoter regions of the 14 promoter sequences allowed us to identify the presence of various regulatory sequences, including the GCN4-like motif (TGAGTCA; Onodera et al., 2001), the prolamin box (TGT/CAAAG; Vicente-Carbajosa et al., 1997), AACA/TA motif (Takaiwa et al., 1996; Wu et al., 2000) and the RY repeat (CATGCAC/T; Baumlein et al., 1992; Fujiwara and Beachy, 1994) . The percentage identities of the different promoter sequence regions were determined using MegAlign 6 . 1 from the DNASTAR package using Clustal V method. A blastn search was performed using the ncbi blast service at http://www.ncbi.nlm.nih.gov/BLAST/ using the nucleotide collection (nr/nt) database and optimized for somewhat similar sequences (blastn).
Constructs
A construct comprising 593 bp of the a-gliadin promoter, uidA reporter gene and nos (nopaline synthase) terminator was made. The a-gliadin promoter, without a-gliadin protein or a-gliadin signal peptide sequence, was obtained using PCR from the pCR-1 construct ( provided by Okita, Washington State University) using forward 5 0 -GCCG GAATTCAAGCTTGTCTAGTTACAGTAACAAC-3 0 and reverse 5 0 -GCCGGGATCCGGTGGATTTGTATTGACCA CTGC-3 0 primers, introducing EcoRI at the 5 0 side and BamHI restriction sites at the 3 0 side. The PCR product was introduced in a PUC-based (PUC-M) vector using EcoRI and BamHI sites with the nos terminator at the BamHI side of the PCR product. The uidA gene was obtained using PCR on the pMDC162 construct (Curtis and Grossniklaus, 2003) using forward 5 0 -GCCGGGATCC ATGTTACGTCCTGTAGAAACCCC-3 0 and reverse 5 0 -GC CGGGATCCTCATTGTTTGCCTCCCTGCTG-3 0 primers, introducing BamHI sites to 3 0 and 5 0 side of the gene.
The uidA gene was finally introduced in the BamHI side of the previously obtained PUC-based vector. The pAHC20 selectable marker construct (Christensen and Quail, 1996) , which contains the bar gene encoding phosphinothricin acetyltransferase (PAT), was used to confer resistance to the herbicide phosphinothricin (PPT).
Transformation
Immature embryos of bread wheat 'Cadenza' were used as targets for transformation by particle bombardment using the protocol of Sparks and Jones (2004) . The following modifications were made: regeneration media contained 0 . 05 mM CuSO 4 instead of 10 mg L 21 AgNO 3 ; selection media did not contain 2,4D; bombardments were carried out at a pressure of 900 psi (6 . 21Â10
26 Pa). The presence of the transgenes in putative transgenic plants was confirmed by PCR using uidA gene specific primers (forward primer, 5 0 -AGTGTACGTATCACCGTTTGTGTGAAC-3 0 ; reversed primer, 5 0 -ATCGCCGCTTTGGACATACCATCC GTA-3 0 ). Transformed plants were grown to maturity in a containment glasshouse and T 1 kernels harvested.
Histochemical GUS assay
Transverse sections approximately 0 . 5 mm thick were cut manually with a razor blade from developing or mature kernels of transgenic lines and controls. Expression of the GUS reporter enzyme was detected by incubating the sections in X-Gluc (5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid) buffer containing 1 mM X-Gluc, 100 mM sodium phosphate buffer, pH 7, 0 . 5 mM potassium ferricyanide, 0,5 mM (2107) K03076 (AAA34280) A n/a n/a 90
n/a n/a n/a n/a n/a n/a n/a n/a *The accession number of the DNA sequence is given, with the protein database number in brackets. n/a ¼ not available.
potassium ferrocyanide and 0 . 1 % (v/v) Triton X-100 at 37 8C for 1 h for developing kernels, or 24 h for mature kernels. Staining was visually assessed using a Zeiss stemi SVII stereomicroscope for mature kernels and a Leica MZ FLIII stereomicroscope for developing kernels.
Transformant progeny lines with homozygous segregations
A total of 62 independent T 0 lines were initially shown by PCR amplification to contain the uidA gene. Histochemical staining was carried out on 24 individual mature T 1 half-kernels of each of 60 different PCR-positive T 0 lines and on six and 12 half-kernels of two other PCR-positive T 0 lines, identifying 54 lines that expressed GUS in the endosperm. The other halves of the kernels were kept for sowing. Thirty-one of these 54 lines that survived and set kernels showed segregation ratios for the expression of GUS consistent with 3 : 1 segregation (x 2 test with P-values , 0 . 05). Six lines out of these 31 lines that showed the highest P-values (all higher then 0 . 5) were selected for segregation analysis in the T 1 generation. Eight individual GUS-positive T 1 half-kernels of each of these six lines were planted and eight T 2 kernels from each plant were tested for histochemical GUS staining. Five out of the six selected lines again showed segregation ratios in the eight progeny that were consistent with the expected segregation ratios for a single insertion site (2 : 1 of homozygote : hetrozygote segregation; x 2 test with P-value ¼ 0 . 05). One progeny of each of these five lines that appeared to be homozygous in the T 2 kernels (with all eight kernels stained) was selected and again appeared homozygous in the T 3 kernels (all eight kernels again being positive for GUS staining). The T 3 kernels of these five lines were used for detailed analysis.
Cryostat sectioning (GUS-stained)
Previously GUS-stained mature kernels were frozen in cryostat embedding medium (Tissue-Tek, OCT Compound, Sakura) on a cryostat holder inside of the cryostat microtome (MicroM HM500 O). Sectioning was carried out at a temperature of 217 8C. Sections of 200 mm were cut, placed on a microscope slide and visually assessed using a Zeiss Axiophot light microscope at 100Â magnification.
Cryostat tissue printing
The method was based on that of Conley and Hanson (1997) . In order to soften the grain, whole mature kernels (approximately 30-35 DAA) were imbibed by placing the kernels onto moistened filter paper in Petri dishes sealed with Parafilm for 42 h at 4 8C. A small transverse portion of the kernel was removed on the embryo side and the kernel was attached cut-side down onto a cryostat holder with tissue freezing medium (Jung, Leica Microsystems) and quickly frozen in liquid nitrogen. Transverse sections of 15-20 mm thickness were cut with a Leica CM1850 cryostat at 217 8C and attached onto nitrocellulose-coated slides by gentle pressure (Oncyte Film-slides, Grace Bio-Labs Inc.). The slides were dried overnight at room temperature before proceeding with the immunolocalization.
Immunolocalization (tissue prints)
The nitrocellulose-coated slides with tissue prints were rinsed in washing buffer [ phosphate-buffered saline, PBS, pH 7 . 2, 0 . 3 % (v/v) Tween 20] twice for 15 min each with agitation, and blocked for 1 h with 5 % (w/v) skimmed milk powder in washing buffer (tissue remnants were carefully removed at this stage) and then washed twice for 10 min each with washing buffer. The slides were then incubated for 2 h in either of the two primary antibodies: the mouse monoclonal anti-a-gliadin-specific antibody (Mitea et al., 2008 ; Glia-a9 antibody obtained from Koning, Leiden University Medical Center) diluted 1 : 7000; or the rabbit polyclonal antibody raised to oat 8S globulin (Yupsanis et al., 1990 ) diluted 1 : 5000 in washing buffer containing 0 . 5 % bovine serum albumin (BSA). Following incubation, the slides were washed four times, for 8 min each, with PBS and incubated for 1 h in the secondary antibody (goat anti-mouse or goat anti-rabbit IgG alkaline phosphatase conjugate, Sigma A-3688 and A-9919) diluted 1 : 3000 in washing buffer containing 0 . 5 % BSA. The prints were washed twice, for 5 min each, with the following solutions: washing buffer þ 0 . 5% BSA, washing buffer, and finally in washing buffer containing 0 . 05 % SDS, before developing using the Sigma BCIP/ NBT Purple liquid solution for membranes (Sigma B3679). The reaction was stopped after a red/purple colour was observed by rinsing slides with distilled water. Tissue prints were also stained with Ponceau S (Sigma P7767) for total protein after examination of the immuno-reactions. The slides were examined with a Leica MZ8 stereomicroscope and photographed with a Leica DFC 300FX digital camera. The Glia-a9 T-cell epitope is absent from most sequences originating from the B genome (Van Herpen et al., 2006; Salentijn et al., unpubl. res.) . However, the determined minimal recognition motif of the Glia-a9 antibody (QPFPQPQ) is smaller then the minimal recognition motif of the Glia-a9 T-cell clone (PFPQPQLPY; Mitea et al., 2008) . By re-analysing the results of Van Herpen et al. (2006) , we found that the minimal recognition motif of this Glia-a9 antibody is found in two out of five B genome diploid sequences and in 15 out of 20 hexaploid 6B database sequences (also found in M16496). This indicates that this antibody recognizes a-gliadin proteins originating from all three different genomes.
Fixation and embedding in LR white for immuno-assay
Approximately 0 . 5-mm thick sections of developing wheat kernels 11, 18, 25 and 32 DAA were manually cut with a razor blade in 0 . 05 M phosphate buffer. The sections were fixed for 5 h at room temperature in 4 % (v/v) paraformaldehyde, 2 . 5 % (v/v) glutaraldehyde in 0 . 05 M phosphate buffer pH 7 . 2. The fixed sections were washed three times for 30 min each in 0 . 05 M phosphate buffer pH 7 . 2, dehydrated in an ethanol series of ten steps from 10 % (v/v) to 100 % (v/v), and infiltrated in increasing concentrations of LR white resin (TAAB Lab. Equipment Ltd.). Finally, the samples were embedded at 50 8C in an oxygen-free environment for 24 h. Sections of 1 mm thickness were cut using a Reichert-Jung Ultracut ultramicrotome (Reichert, Vienna, Austria) and placed on Poly-l-lysine-(Sigma P-1399) coated multi-well slides for immunogold labelling.
Immunogold labelling and silver enhancement
The samples were blocked with blocking buffer containing 3 % (w/v) BSA in 0 . 1 M phosphate buffered saline with Tween (PBST) at room temperature for 30 min and then washed for 30 min with 1 % (w/v) BSA in PBST. They were then incubated for 2 h with a monoclonal a-gliadin-specific (Glia-a9, 9-68, QPFPQPQ) and HMW-specific (HMW 30-29 GYYPTS) antibody (obtained from Koning, Leiden University Medical Center) diluted 1 : 100 in 1 % (w/v) BSA in PBST and washed three times for 5 min with 1 % (w/v) BSA in PBST. They were then incubated for 1 h using a secondary 10-nm gold conjugated antimouse antibody diluted 1 : 50 in 1 % (w/v) BSA in PBST, washed three times for 5 min with 1 % (w/v) BSA in PBST, then three times with PBST and finally three times with distilled water. The samples were developed using a silver enhancement kit (British Biocell International, UK) and observed using a Zeiss Axiophot light microscope.
Pre-fixation, GUS staining, fixation and embedding in LR white
Approximately 0 . 5-mm thick sections of developing wheat kernels at 11, 18, 25 and 32 DAA were manually cut with a razor blade in 0 . 01 M phosphate buffer. The sections were pre-fixed for 30 min in 0 . 1 % (v/v) glutaraldehyde in 0 . 05 M phosphate buffer, pH 7, and then washed five times for 10 min in 0 . 05 M phosphate buffer, pH 7. Histochemical GUS staining was then performed as described above and the samples washed again in 0 . 05 M phosphate buffer, pH 7, re-fixed in 3 % (v/v) glutaraldehyde in 0 . 05 M phosphate buffer, pH 7, for 2 h and washed again four times for 10 min each. The samples were then dehydrated, embedded and sectioned as described above before examination using a Zeiss Axiophot light microscope
RESULTS
The expression pattern of an a-gliadin gene promoter in developing grains of wheat was determined by transformation of bread wheat with an B-genome a-gliadin promoter -GUS reporter construct. The accumulation of a-gliadin protein was also determined in the same tissues and stages of development were examined by immunolocalization using a specific monoclonal antibody. Finally, the sequence of the a-gliadin promoter that was used was compared to those of other a-gliadin genes originating from the different genomes of hexaploid bread wheat in order to relate differences in sequence and genome origin to expression patterns.
Phylogenetic analyses, epitope-and regulatory motif screening
Alignment the a-gliadin gene (M16496) accompanying the promoter sequence as reported by Reeves and Okita (1987) showed a close relationship to a-gliadin genes encoded by chromosome 6B (bootstrap value 951/1000). The predicted a-gliadin protein encoded by the gene (M16496) was also screened for the presence of toxic celiac disease (CD) epitopes. None of the four identified CD epitopes (called Glia-a, Glia-a2, Glia-a9 or Gliaa20; Van Herpen et al., 2006) were detected, which is consistent with its origin from chromosome 6B (Van Herpen et al., 2006) .
Other a-gliadin promoter sequences in the database were derived from chromosomes 6A and 6B (Table 1) , but no sequences from the D genome were found. As shown previously (Molberg et al., 2005; Van Herpen et al., 2006) , CD epitopes are non-randomly distributed, indicating that the three genomes make different contributions to the ability of wheat to trigger CD. To determine if there are also sequence differences in the promoter sequences of the a-gliadin genes encoded by different genomes, we compared database sequences for the presence of several regulatory motifs (Takaiwa et al., 1996; Wu et al., 2000;  Table 1 ).
The thirteen promoter sequences of a-gliadin genes show a high sequence identity (,80 %; Table 1 ) to the 593-bp promoter region used in this study (M16496). The GCN4-like motif was present twice in the 593-bp region of M16496 (at positions 2300 and 2492). The 2300 GCN4-like motif was present in all of the sequences from the A and B genome, but the 2492 GCN4-like motif was primarily present in the genes originating from the B genome (Table 1 ). The prolamin box was not present in the 593-bp promoter region of M16496 (due a SNP at position two of the motif ), but is present in some other a-gliadin promoters (Table 1) . The AACA/TA motif was found five times (2107, 2252, 2380, 2421, 2574) in the 593-bp region of M16496. The AACA/TA motifs at 2252, 2421 and 2574 were present in all gliadin gene promoters from the A and B genomes, but the motifs at 2107 and 2380 were present in some a-gliadin promoters (Table 1) . Finally, the RY repeat at position 2294 was present in seven out of the eight A genome sequences and in none of the B genome sequences.
Of four out of the thirteen promoter fragments, sequences are available upstream of 2593 bp (Table 1) . Analysis of the region upstream of 2593 bp failed to identify a CGN-4-like motif or prolamin box. A RY repeat was present at 2774 bp in the original promoter of which a fragment was used in this study (M16496 , Table 1 ). When analysing for sequence identity of the region 2593 to 2895 bp, the two B genome sequences were highly similar to each other and to M16496, whereas the two A genome sequences were very similar to each other (data not shown) but not to the B genome sequences. From these data we observe a general difference between A and B genome promoter sequences. The M16496 sequence that was used in this study also for the promoter sequence shows consistency with its origin from chromosome 6B.
GUS expression phenotypes and segregation ratios in different transgenic lines
Segregation analysis of GUS expression in the individual T 1 kernels of each GUS expressing line showed that 31 of the 54 lines gave ratios that were consistent with a single insertion being inherited in a 3 : 1 ratio (Table 2) . Segregation ratios consistent with 15 : 1, suggesting two transgenic insertion sites, were found in seven of the 54 lines. Finally, 16 out of 54 lines showed segregation ratios that were significantly different from 3 : 1 and 15 : 1 ratios (x 2 test with P-values , 0 . 05; ranging from one to 12 GUS expressing kernels out of 24). The reason for this non-Mendelian pattern of expression is not known but it is possible that transgene silencing may have occurred in some lines, thus under-estimating the number of positive segregants.
A total of 1266 kernels from the 54 lines were tested, of which 742 kernels expressed GUS in the endosperm (Table 2 , 'Total' column). Although considerable variation in the intensity of the GUS staining was observed, there was a consistent pattern in most lines. In 554 out of the 742 GUS-expressing kernels (about 75 %) the GUS staining was strongest in the outer part of the kernel and this pattern was therefore called 'normal staining'. Of these, 234 kernels showed strong staining only in the outer part (Fig. 1B) , another 189 kernels had a strong staining in the outer part and a weak staining in the inner part of the endosperm (Fig. 1C) , and 131 kernels showed weak staining only in the outer part of the endosperm (Fig. 1A) . In 145 out of the 742 GUS-expressing kernels (about 20 %) showed strong staining across the whole endosperm (Fig. 1D) , with no apparent spatial differences in expression. However, this may be due to limitations with the assay in strongly expressing lines resulting in loss of discrimination between peripheral and central endosperm. The remaining 43 kernels (about 6 %) showed partial, weak and irregular staining. TABLE 2. Analysis of segregation and phenotypes of the T 0 transgenic lines. Percentages quoted in the text were calculated as the fraction of the total number of T 1 kernels where GUS staining was observed (numbers in bold). The different T 0 lines showed different segregation ratios and were classified into three segregation classes (1 : 3, 1 : 15 and non-Mendelian). The T 1 kernels showed different patterns of staining and were classified into five groups, where the first three groups were considered as 'normal' staining Numbers of 'normal' staining ( Fig. 1A 2 C There appeared to be a relationship between the segregation ratio and intensity of expression (Table 2) . Strong staining of the whole kernel (Fig. 1D) was observed in only three of the 87 GUS-expressing kernels in the non-Mendelian group (about 3 %), but in 75 of the 497 GUS-expressing kernels segregating in a 3 : 1 ratio (about 15 %), and in 67 of the 158 GUS-expressing kernels in the 15 : 1 group (42 %). In contrast, weak and irregular staining was observed in five out of the 158 GUS-expressing kernels in the 1 : 15 group (3 %), in 16 out of the 497 GUS-expressing kernels in the 3 : 1 group (3 %), but in 22 out of the 87 GUS-expressing kernels in the non-Mendelian group (25 %). This indicates that expression pattern and intensity were related to differences in insertion patterns, with multiple insertions (15 : 1 ratio) giving more intense staining and non-Mendelian events giving weak, irregular staining.
Detailed analysis of expression patterns
In order to determine tissue specificity, six T 3 lines were tested for GUS staining in different plant tissues. One of the lines (B2219R4P5 . 6 . 1) showed staining of the embryo, flower, pollen and at the connection point of the grain to the lemma in addition to the endosperm itself, but no GUS expression was observed in root, leaf and stem tissues. This expression pattern was only observed in the one line, which was therefore excluded from further detailed analysis. The remaining five lines showed GUS staining only in endosperm tissue with no staining being observed in other tissues (stem, leaf, root, flower, pollen, embryo, lemma or testa).
In order to determine GUS expression during kernel development, developing grains were harvested from the central part of the head between 11 and 28 DAA. GUS staining was observed in half-kernels from 11 DAA until maturity. The pattern was similar in all five lines and is illustrated by Fig. 2 , which shows developing grains at 14, 21 and 28 DAA at low magnification and by Fig. 3 , which shows a developing grain at 11 DAA and a mature grain at higher magnification.
Although these analyses show expression across the endosperm, the staining is less intense in the central than in the outer cells. The latter include the protein-rich subaleurone cells, but also the cells of the aleurone layer, shown clearly in Fig. 3 . a-gliadin labelling on thin (1 mm) sections and tissue prints. Although the promoter studies showed clear expression in aleurone cells of GUS driven by the a-gliadin gene promoter, this is not consistent with other reported studies that show that native gluten proteins are not present in this tissue (Fincher, 1989) . To confirm the latter, we carried out immunolocalization studies using the a-gliadin-specific Glia-a9 epitope antibody (Mitea et al., 2008) and two different experimental approaches. Firstly, 1-mm sections of developing grains of 11, 18 and 25 DAA were fixed for conventional immunolocalization using light microscopy (Fig. 4) . Secondly, proteins were transferred to a nitrocellulose membrane by tissue printing (Fig. 5) . As a control, a monoclonal antibody specific for HMW subunits of glutenin (Mitea et al., 2008) was also used on the thin sections of developing grains. Figure 4 compares immunostaining of thin sections with the a-gliadin-specific antibody (left) and HMW gluten antibody (right). This shows that a-gliadin and HMW subunits are present throughout the endosperm of the wheat kernel, including the subaleurone and central cells, and both are located in the protein bodies. However, in contrast to the GUS staining, no staining was observed in the aleurone cells. Similarly, immunostaining of tissue prints of mature grain (Fig. 5) showed the location of a-gliadin in the subaleurone and starchy endosperm cells but not in the aleurone cell layer. Post-staining with Ponceau S revealed the aleurone cells that were not labelled with the anti-a-gliadin antibody (Fig. 5C, D) . To further confirm this, an antibody to 8S globulin, a protein present only in the aleurone cells and embryo of the grain was used. This stained only the outer layer of the endosperm corresponding to the aleurone (Fig. 5E ), which was shown by double labelling to be outside the layer stained by the a-gliadin antibody ( Fig. 5F ; Wiley et al., 2007) .
DISCUSSION

Genome specificity and epitope content
The promoter sequence used in this study was obtained by Reeves and Okita in 1987 . Based on gene sequence homology, we concluded that the accompanying a-gliadin gene, and with that this promoter sequence, is more closely related to the B genome (the Gli-2 locus on chromosome 6BS) instead of the A genome as suggested by Reeves and Okita (1987) . It is not known if the promoters of a-gliadin genes originating from the A, B and D genomes differ in their expression patterns. Molberg et al. (2005) and Van Herpen et al. (2006) showed that a number of a-gliadins from the B genome do not contain any of the four identified a-gliadin T-cell toxic CD-epitopes (Glia-a, Glia-a2, Glia-a9 or Glia-a20; Spaenij-Dekking et al., 2004) , and these epitopes were also absent from the a-gliadin encoded by the gene used in this study.
Location of a-gliadin promoter activity during wheat kernel development
Expression of the GUS reporter gene driven by the a-gliadin promoter in transgenic wheat grains was observed as early as 11 DAA. This is in agreement with the previous report that gliadin transcripts began to accumulate in the endosperm by 9 DAA (Drea et al., 2005) . The expression became more prominent in the outer cells of the kernel as maturity progressed. The most frequently observed phenotype in the mature T 1 kernels (75 % of the GUS-positive kernels) was that GUS staining was strongest in the outer part of the kernel, and weaker in the central starch-rich endosperm cells. Previous studies by Kent and Evers (Kent, 1966; Evers, 1970) showed that all starchy endosperm cells appear to contain similar total amounts of protein but that the accumulation of starch occurs mainly in the central starchy endosperm cells. As a consequence, protein may represent up to half of the total cell mass in the subaleurone cells, but only 10 % of the total mass of the starch-rich central endosperm cells (Kent, 1966; Evers, 1970) . The most frequently observed expression pattern of the a-gliadin promoter is consistent with a relatively greater accumulation in the outer layers as a consequence of dilution of the protein in the central cell by starch granules. This is similar to the reported expression pattern of a LMW glutenin promoter (Stoger et al., 2001) .
Correlation between phenotype and segregation
A correlation was observed between the segregation ratios and the phenotype, with a higher proportion of the T 1 kernels showing strong expression in lines segregating in a 15 : 1 ratio compared to 3 : 1 or non-Mendelian ratios. This is consistent with two transgene insertion sites and possibly a higher number of transgene copies, although transgene copy number was not measured here. Some atypical expression patterns, often with weak staining, were also observed in T 1 kernels from a few lines, particularly those showing non-Mendelian segregation ratios. The observation of non-Mendelian segregation may be due to expression levels being under the detection limit of the GUS staining procedure, leading to an under-estimation of true segregation ratios in these lines and patchy light staining. Alternatively, rearrangements of the transgene cassette during biolistic transformation may have resulted in truncation or rearrangements of functional promoter elements, resulting in loss of the typical expression pattern seen in the majority of lines.
Cellular location of the a-gliadin and HMW glutenin protein
The demonstration of GUS expression in the aleurone cells of the transgenic plants expressing the a-gliadin promoter-GUS construct was unexpected, as gluten protein gene expression has not previously been reported in this tissue. Lamacchia et al. (2001) and Stoger et al. (2001) reported similar studies, in which the GUS reporter gene was fused to glutenin subunit promoters and expressed in transgenic wheat: the HMW subunit 1Dx5 promoter in durum wheat (Lamacchia et al., 2001 ) and a LMW subunit promoter in bread wheat (Stoger et al., 2001) . Both promoters drove GUS expression in the starchy endosperm cells, including the subaleurone, but not in the aleurone layer. Similarly, the in situ hybridization study of Drea et al. (2005) also showed a-gliadin transcripts in the subaleurone and central starchy endosperm but not in the aleurone.
To confirm our results we therefore used a specific monoclonal antibody to the Glia-a9 epitope of a-gliadin for immunolocalization studies, using a specific monoclonal antibody to HMW glutenin subunits as a control (Mitea et al., 2008) . These antibodies showed similar labelling to the starchy endosperm cells, including the subaleurone, but not to the aleurone cells. This is consistent with the generally accepted view that aleurone cells do not contain gluten proteins, as reviewed by Fincher (1989) . The aleurone and starchy endosperm cells arise from the same cell lineage, with some of the starchy endosperm cells being derived from cell divisions in the aleurone, which acts as a meristem. It is therefore possible that (1) additional regulatory elements are present in the native a-gliadin promoter configuration that prevent expression in the aleurone cell layer, and (2) the lack of these elements in the 593-bp promoter used here resulted in aleurone misexpression. Of thirteen promoter sequences from the NCBI database (Table 1) , nine start at -593 bp, probably because of the presence of a Pst 1 restriction site that was used for cloning these genes. Analysis of the region upstream of 2593 bp in the four remaining sequences failed to identify a CGN-4-like motif or prolamin box. A RY repeat (CATGCAC/T; Baumlein et al., 1992; Fujiwara and Beachy, 1994; Moreno-Risueno et al., 2008) was present at 2774 bp in the original promoter (M16496), but not used in the 593 promoter region of this study. RY repeats have been described as playing a key role in the seedspecific regulation of seed storage protein genes in dicotyledons leguminous species. A deletion of part of the RY repeat in the Vicia faba legumin promoter (Baumlein et al., 1992) resulted in expression in leaves of stably transformed tobacco plants, whereas a legumin promoter with an intact RY repeat was primary expressed in seed tissue. This indicates that this cis-acting element can repress transcription in certain tissues. However, Moreno-Risueno et al. element was also present in a number of the other a-gliadin promoter sequences, but located much closer to the transcription start site ( position 2294; Table 1 ).
Regulatory motifs in a-gliadin promoters from different genomes
We also observed an association between the genome of origin and the presence of endosperm-specific promoter motifs in the 593-bp promoter region. The GCN4-like motif at 2492 bp was only present in the genes originating from the B genome and not in the sequences originating from the A genome (Table 1) . Aryan et al. (1991) described a 20 % increase in promoter strength in the 2592 to 2448 region and the authors suggested the presence of an activating element in this region. The CGN4-like motif present at 2492 is a candidate for such an activating element. These results indicate that differences in regulation of expression may exist between different members of the a-gliadin gene family, with the genome of origin being important. The RY repeat at position 2294 was present in seven out of the eight A genome sequences and in none of the B genome sequences. The RY repeats have been proposed to have a key role in seed-specific gene regulation (Baumlein et al., 1992) . When analysing for sequence identity of the region upstream of 2593 bp we observed an association between genome of origin and sequence identity.
The differences in regulator motifs between sequences originating from the A or B genome suggest that the regulation of expression between a-gliadin genes present on chromosomes 6A and 6B may be different. Kawaura et al. (2005) observed that early a-gliadins gene expression were preferentially from the D genome, and late expression from the A genome. However, further research is required to determine whether this can be exploited to manipulate the proportion of a-gliadin encoded by the Gli 2 loci on the different genomes of wheat to decrease the toxicity in celiac disease.
CONCLUSIONS
We have studied the expression of a specific B-genomeencoded a-gliadin gene promoter fragment and the deposition of a-gliadin proteins. The promoter was active in the cells of the starchy endosperm, the subaleurone and the aleurone cell layer. No expression of GUS was found in other tissues. However, a-gliadin protein was detected together with HMW subunit protein in the protein bodies of the starchy endosperm and subaleurone cells but was not detected in the aleurone cells. The a-gliadin promoter was active from 11 DAA until maturity and showed a similar pattern of expression to the LMW subunit promoter. A large number of different transgenic plants with the same construct revealed differences in the observed phenotypes of expression. An association between segregation ratios of the transgene and the different phenotypes of expression was observed. These results emphasize the importance of testing a large number of different transgenic lines when studying the effects of transgenes. The results indicate that additional regulator elements upstream of the promoter region used may specifically repress expression in the aleurone cell layer. Observed differences in expression regulator motifs between the a-gliadin genes on the different genomes (A and B) of bread wheat leads to a better understanding how a-gliadin expression can be controlled.
